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ABSTRACT

Magnetism and superconductivity appear to be intimately connected in the

heavy electron (HE) superconductors. For example, it has been conjectured but

not proven that the exchange of antiferrornagnctic spin fluctuations are

responsible for pairing in HE superconductors. In this paper we review recent

results in U1.XThXBels, where specific heat, lower criticnl field and zero-field

pSR measurements reveal another second-order phase transition (below the

superconducting transition) to a state which possesses small-moment magnetic

correlations fcr 0.019 S x s 0.043. We present a new phase diagram for

(U,Th)BelS which indicates that the superconducting and magnetic ord~r

parameter are closely coupled, A discussion of the nature of the lowQr phnsc

is presented, including the consideration of a possible magnetic

(time-reversal-violating) superconducting state.

When UBeI~ is doped with B (UBel?.07B0.OS) the Kondo temperature is

decreased and tho mpeclfic heat jump at tho auperconductin~ transition

temperature is significar,~ly enhanced. However, uSR measurements rrvoal I)o



I

magnetic signature in UBelz.07B0.03, unlike the case for Th doping. The

correlation between changes in the Kondo temperature and changes in the

superconducting properties Induced by B doping provide evidence for the

importance of ❑agnetic excitations in the superconducting pairing interaction in

UBelz.

PACS numbers: 74.70.Tx, 74.30Gn, 76.60,Jx, 76.75.ti
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I. INTRODUCTION

The eximtencel of small-moment, f-electron ❑agnetism In the undoped

heavy-electron (HE) superconductors CeCuaSia, UPt3 and URu2Si2 suggests

intriguing connections between magnetism and superconductivity in HE materials.

One manifestation of thie connection is explicit in UPt~, where recent neutron

scattering experiments have shown that the antiferromagnetir and

superconductingorder parameters are coupled. However, the general suggestion

that antiferromagnetic spin fluctuations are principally responslhle for pairing

in HE superconductors has not yet been proven. In this paper WJ review t})e

●ffects on the superconductivity of doping UBe13 with small quantities of the

impurity atoms Th and B. We discuss a new phase diagrams for (U,Th)Bel~, which

indicates that magnetism and superconductivityare closely coupled in this

system 6s well. Possible interpretations of the magnetic phase foultdin the

superconducting state of (U,Th)Bel$ are reviewed, including the possibility that

a ❑agnetic (time-reversal-violating)superconducting state exist’:, We also show

that when UBela is doped with B (UBelz.n7B0.0$),the Kondo t~mperature Is

decreaaed and the specific heat jump AC at the superconducting transition is

significantly enhanced, indicating a possible connection hetwccn mn~nctic

excitations and the superconducting pairing int faction in UBel~.’

11, (U,Th)Bels

Substitution of Th for U in U1.XThXBell producess a non.monotonic

de: ~ss{on of the superconductjll~ transition tempcl,,-llreT[.l,nc’com~t;lllletlIIvu

second phase transition ~t TCI < TUI for 0.019 s x s 0.043. Th(iotts[ILQJII

interpretationsof this second phaso have includ”d a coexisting

antiferromagnetic epin.deneity-wavestmte,” a t~a:mition to a second

superconducting state possessing orbital’ or spin’ magnctlc momcr]t~,or XIII:I1l
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local ❑oments on the uraniums or thoriuml” sites. Here we test these hypotheses

against zero-field muon-spin-resonance (pSR) and lower-critical-field (Hcl) data

across a broad range of Th concentrations: x - 0.0000, 0.0066, 0.0100, 0.0193,

0.0245, 0.0355, and 0.0600.

The pSR experiments were carried out at the Paul Scherrcr Institute using

the surface muon beam at the low temperature facility. The experimental setup,

data analysis, and sample preparation are discussed elsewllere.11 The measured

zero-field ❑uon spin relaxation functions were well described’1 by fits to the

Kubo-Toyabe relaxation function

GKT(t) - 1/3 + 2/3 (1 - uKT2t2) exp (-uKT2t2/2), (1)

appropriate for inhamogeneous broadening. Here UKT is proportional to the

root-mean-square field distribution (AH)rmg at the muon site, and OKT -

Yp(AH)rms, where ~ is the muon gyromagnetic ratio (8.51 x 104 s-]Oe-l).
F

Tl]o

exact stopping site of the muon is not known. The HCI measurements were

performed at the Kamerlingh Onnes Laboratory using a flux-gate magnetometer nncl

a ‘He cryostat. Long, thin cylindrical samples requiring negligible

demagnetization corrections were cut from the same batches as used for the uSR

experiments, The HCI values were consistently obtaineds both as the first

derivation (2s) from linearity of the initial shielding curve followlng

zero.field cooling and by using a different procedure based on the Bean

critical-state model, The critical temperatures determined in vnr!ous wnys fire

given in Table 1.

The temperature dependence of OKT for x - 0.035 is shown in l’i~,.1,

together with ac susceptibility showing the onset of suprrconduct Ii’lts1)[’lw ‘1’t.I

and specific heat showing a second phase Lransltion below Tc2. ‘IIC pSR

measurements show a constant relaxation rate above TC2 (due to nu(’l~nrtlll)ol;ir

broadening from eB~) and the onset of an addf(loilnl mng,lctl(’flti]tl ()! ~I]II(”t1“~1111[”



origin below Tc2,. The temperature dependence of the electronic contribution to

the pSR linewidth is given by

s(t) _ ue(T)/ue(0), (2)

where t - T/TcZ and ue2(T) = UKT2(T) - UKT2(TC2). Eqn. (2) expresses the

assumption that the nuclear and electronic (ue) contributions to u
KT

are

uncorrelated, The additional field is about 1.8 Oe, corresponding to an

electronic moment of order (10-9-10-2)IJ#J &tom, under the assumption of

coupling to the muon. The value s(t) is plotted in Fig, 2, showing that

transition is clearly second order, ie., typical of a continuous order

dipolar

the’

parameter. The solid tune in Fig. 2 is consistently with a mean-field theory

of magnetic order and also is numerically consistent with the pairing amplitude

(or order parameter) in the BCS theory of superconductivity.

Fig. 3 showss the temperature dependence of UKT for all of the samples

studied. One sees that the uSR linewidch Is temperature independent except fcjr

those Th :onccntrations where two specific jumps are seen (x - 0.0193, 0.0265,

0,0355). In each of these cases the @R linewidth Increases below Tcz.

Furthermore, the extrapolated zero-temperature linewidths oe(0) increase wittl1’11

concentration, as given in Table II.

The HCI(T) data for x - 0.0000, 0.0066, 0.010 show a single qUO!lI_iILiC

temperature dependence Hcl = (1 - i2) over the entire temperature ran,qcme,ls(lrcd

(about 0,3K STS TcI). Here ~ =T/Tci. However, two regions of quadratic

temperature dependence are observed for those materials where two spcriflc hcnl

peaks are seen and the pSR linewldth increases below Tc2. The I{(.I(t)vs, 12 iit-(’

shown in Fig. 4 for x

qualitatively similar

the S1OPCS ldHC1/dthl

- 0.0000 and x - 0.0355. This latter bchnvior 111ll,.l~!;

to that observed prevlouslyia for x - 0.033. Vill{l(,s fl)l”

f- HCI(0) are given in Table I, where Hcl O) nlldtll.t’(~)~

refer to the low and high temperature slopes, reapectivcly. We nc.tc ttltltIlcfl[l)
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increases with x, as does the ILSRlinewldth ue, for x - 0.0193, 0.9245, and

0.0355.

Based upon these data, augmented with epaciflc heat results’s for other Th

concentrations, we have constructed’ the overall T-x phase diagram for

UIMThXBelS as shown in Fig. 5. The uncertainties in x are about 0.005. lie

draw the following conclusions. (1) There are steep phase boundaries

separating magnetic from non-magnetic regions near x = 0.019 and 0.043, between

which two specific heat peaks are seen. (2) The fact that within errors the

transitions at Tc2 begin and terminate on the line of superconducting phase

transitions at Tcl ❑eans that the order parameters for the two phases must be

strongly coupled.

We now discuss the nature of the phase below TCZ. Taking into accourt cl,,

obsenation of electronic magnetism below TC2 and the large specific heat

..
anomaly associated with this transition (comparable to that at TCI), two

plausible possibilities for this phaee suggest themselves. The first is an

antiferromagnetic transition accompanied by a superconducting phase transltiou,

and the second ia a transition to a magnetic (time-reversal-violating)

superconducting phase. Both of these possibilities require an unconventional or

multicomponent superconductingorder parameter. A third possibility, LIInt thur~’

is only an antiferromagnetlc spin-density.tiavephase transition but no cl]nngcill

the superconducting phase below TC2 seems unlikely for the following reason.

The large specific heat jump AC at Tc2 would be very surprising for a

spin-density-wavestate because the Fermi uurface is largely consumed hy thr

superconducting transition at TCI. Thus a large AJ would requirr at]cxcoptle)n;ll

enhancement of the density of states naar the zeros of the supercomlilctItll;F,;III

The observation of electronic ❑agnetism below TC~ can thus be nssoclatud

with either an antiferromagnetic transition in conjunction with n new

6



superconductingphase or a magnetic superconductingphase. Regarding the former

case we note that if the moments were associated with the thorium %ites’” (as

‘Kondo holes”, for example) then the dipolar linewidth ue(0) should be

proportional to x, which Is not obsemed (Table II). Consequently, under the

assumption of an antiferromagneticphase coexisting with superconductivity, the

❑oments are most likely on the uranium sites.

A multi-component, complex superconductingorder parameter for (U,Th)Be13

could also in principle explain the obse~ed T-x phase diagram. Important

?experimental facts ●re chet both ue(0) and HC1O) increase with x below Tc2, %711cl

that the magnetic phase Is induced by doping with nonmagnetic Th impurities. Le

mte that Hcl a ~/m*, where rq is the superfluid density and m* Is the

effective mass. If ~(0) increases with x, fthe correlation between HCIO) and

ue(0) ❑ight be explained by recent theoreticalmodelsi’-ls In which orbital

currents are induced when electron scattering from nonmagnetic impurities

distorts the superconducting order parameter in a complex superconducting phasr,

The induced currents (and hence the dipolar field l~Ll a ~e) would be

proportional to ns(0). If the field sensed by the muon, averaged over the

sample volume, were nearly random in direction ●nd magnitude then one would

obsetwe a sublinear depe~dence of se(0) on ns(0), which is seen In the rou~hly

+square-root correlation between Ue(x) and HCIx) (Table II). Complete

randomness would yield ue~x) = THCIx) for a Gaussian distribution.

It ia also possible that the increase in llcl(0)with x could be CIUC[u a

decrease in ❑*, ●s expected for an antiferromagnctic tramition.ll tlowevrr, W(I

note that Hcl follows a Ta law both above and below Tc2, which is the

T-dependence expected for a change in n~. If ❑* changes nt TC2 it would h:I1’cto

change abruptly at this temperature and not evolve ~lgnlficantly 111t(’llll)Cl-ilLU~C’



below TC2. This aeemn unlikely, However, it is not possible to predict how m*

should change with temperature or with x without a detailed microscopic theory.

III. UBelt doped with boron.

A second etriking example for the effects of impurity doping on the

superconductingproperties of UBel~ is in the substitution of B for Be. Initial

studiesia of UBe12.OTBO.0~ showed a depression of Tc to abo.lt0.77 K (initial

onset), accompanied by an enhaltcedthough broader (in temperature) specific heat

jump AC compared to pure UBtilJ. In thie paper we review more recent

etiperiments’,if on different samples of UBelSVBy. Figure 6 shows the

temperature dependence of the epecific heat (plotted as C/T VG. log T) for pure

UBel~ together with UBelz.B7B0.0~ (UBeB) and UO.eslTho.o19Be12.eTBO.os(UThBeB),

Several differences between pure UBelS and the doped samples are immediately

apparent from Fig. 6. First, both UBeB and UThBeB show an enhanced linear
.

coefficient of specific heat ~ at the onset of superconductivity,compared to

UBels (see Table III). Second, the Kondo temperature TK, IS reflected in the

rise of C/T (the shoulder below 6 K in UBel~, for example), reduced by

doping. Third, Th doping produces both two specific heat peaks for the

concentration shown and a reduction in Tc, while B doping does neither.

Finally, Th and B doping each produce a larger AC,

A possible explanation for the enhanced AC in UBeB is that a second

(magnetic) transition Is induced by B doping, ●s in (U,Th)Bels. This hypothesis

wae tested with JAR. Aa seen in Fig. 7, only Th doping Induces an enhanced PSR

linewidth and hence a ❑agnetic signature below Tc~, This fact, plus the

narrowness in the specific heat anomaly for UBeB indicates that only a ~irl~.lc

transition with an enhanced ~ and AC exists in UBeB, Recently, Beyrrmam

M.AL” have shown that the AC enhancement appears to be largest for B

concentration- near UBel~.9TB0.0~, and that the addition of B tncreasr~ Lllulli~Jl



temperature effective ❑oment in the

reductio- of TR.

We now compare UBe]a and UBeB,

magnetic susceptibility,consistent with a

both cases where no electronic magnetism is

obsenred by @R. The discusalon focuses on examining the connection between c

change in TK and a change in the superconducting properties with B doping,

Table III gives a eummary of the relevant thermodynamic parameters for

UBe~s and UBeB. While TC Is essentially unchanged for our samples, v at TC is

enhanced by about 10R in UBeB, whereas the entropy S(TC) released up to Tc is

about 15S larger In UBeB. Furthermore,because S(TC) - YTC for a temperature

independent 7, entropy is not quite conserved (for a constant 7) in either

❑aterial (see Table III). For simplicity, we have defined a value ~(Tc/2)

neceesary to Conseme ●ntropy (ie., S(TC) - ;Tc), assuming that ~ increases

linearly below Tc. The fact that T is not temperature independent, indicates

that the heavy electron state is still forming when the materials becomes

superconducting, le., that TK is comparable to Tc. Thus one can compare the

relative specific heat jumps in the two ❑aterials, where AC - /3jTc and B is

related to the strength of the pairing interaction. We find fl= 1.5 in UBe13

and = 2.5 In UBeB, compared to 1,43 for the weak-coupling BCS case,4 For stron&

coupling the value of B is given approximately byle

b“ 1.43 [l+53(T~wo)aln(wo/3Tc)], (3)

where q ie the characteristic boaon frequency for the pairing interaction, One

obtains W. M 4 meV for UBel~ and LOOM 0.7 meV for UBe13. For comparison WO is

about 25 ❑eV, 15 ❑eV ●nd 4 ❑eV in Al, V and Pb, respectively.le Thus, B doping

at this concentration may significantly reduce U,

Another ueeful comparison arises between ~ and the quantity 2Ao/kDTr, for

which there appears to be a universal relationla for crystalline

superconductors. Here A. is the zero-temperaturevalue of the supcrconducti:lp,

9



gap energy. Using thie relation one finds 2Ao/kBTc = 3.6 and 4.4 for UBe]~ and

llBeB,respectively, compared to the BCS value of 3.53. Thds UBelz.OTBO.0~

appears to be a strong-couplingsuperconductor,whereas UBelg is not. The fact

that Tc ia not significantly reduced as U. is reduc?d may be accidental, but may

alao be explained qualitatively by observing that’e Tc a W. exp(-1/N(o)V), and

that a reduction in M may be offset by an increase in either the pairing

potential V or the electronic density of states N(o). Further experimental and

theoretical work are clearly required to clarify this issue.

In conclusion we note that a reduction in TK is accompanied by a reduction

In M and an enhancement of the specific heat jump in UBeB compared to UM-ls.

This is qualitatively consistent if the superconductingpairing interaction in

UBel~ is driven largely by spin fluctuations. Such a case has been hypothesized

for HE systems, though no direct evidence (comparable to the isoto~e effect in
.

BCS superconductors) has yet been produced. In thi~ regard, we note that

measurements of the specific heat of UBel~ under

producing a reduced specific heat jump, yielding

hypothesis.

pressure10 increase TK w}lilc

further evidence for this
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Fig. 1. Temperature dependence of (a) zero-field PSR linewidth UKT, (b)

specific heat and (c) ac susceptibility in UO.oefI%O.O~sBels.

Fig. 2. Dependence on reduced temperature t of normalized zero-fieid , ;R

linewidth s(t) from Eqn. z.

Fig. 3. Temperature dependence of zero-field pSR linewidth UKT in U1.XThxBe13.

Fig. 4. Lover critical field HC1(T) plotted vs. T2 in U1.XThXBels for x -

0.0000 (top) and x - 0.0355 (bottom). The lines are guides to the

eye.

Fig. 5 Phase diagram for L’1.xThxBe13. Open symbols are from this w:-,..

Squares, ‘fCI from Xec; circles, TCI from magnetization M(iIj;inverted

triangles, TCZ from kink in HC1(T2). The solid upright triangles are

Tcl and TC2 from specific heat in Ref. 13. The symbol (A) at x -

0,043 indicates a merging of Tcl and TCZ, as described in Ref. 13,

Tel - 0.39 K for x - 0.0600 was determined resistively.

Fig, 6. Temperature dependence of specific heat per Kelvin C/T.

Fig. 7. Temperature dependence of zero-field pSR linewidth (uKT in text,)
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Table I

m(t) TC1(K) TCI(K) T~2(K) +Hc] O) THCI O)

Xac H(H) M(H) (mT) (mT)

0.00 0.86 0.86 4.32

0.66 0.67 0.67 3,27

1.01 0.65 0.65 2.64

1.93 0.40 0.48 0.44 3,79 2.28

2.45 0.50 0.59 0.41 4.91 2.89

3.55 0.55 0.55 0.39 5.59 3,53

Collected parameter and tran~ltion temperatures of U1.xThxBel~.

The notation in explained in the text.
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Table II

x(t) x/1.93 se(X)/Oa(l.93) [Hc~@/HcIL (1.93)]1/2

1.93 1.00 1.00 1.00

2.45 1.27 1.11* 0,06 1.14 * 0,07

3.55 1.84 1.31t 0.07 1.21 t 0,07

7The x dependence of ae and [Hcl‘/2 at T = O In U1.XThXBel~,

13



Table III

TC(K) .91 ,91

7(TC) (J/mol.K2) 1.04 1,13

Y(TC)OTC (J/mol”K) 0.95 1.03

S(TC) (J/mol”K) 1.06 1.23

~(T~2) (J/mol”Ka) 1.17 1,35

AC/(+ OTc) 1.5 ?.5

Specific heat data for UBels-yBy. Symbols are defined iIIthe tex!.
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